Abstract -Traditional transmission planning usually caters for rated wind power output. Due to the low occurrence probability of nominal capacity of wind power and huge investment in transmission, these planning methods will leads to low utilization rates of transmission lines and poor economic efficiency. This paper provides a novel transmission expansion planning method for integrating largescale wind power. The wind power distribution characteristics of large-scale wind power output and its impact on transmission planning are analyzed. Based on the wind power distribution characteristics, this paper proposes a flexible and economic transmission planning model which saves substantial transmission investment through spilling a small amount of peak output of wind power. A methodology based on Benders decomposition is used to solve the model. The applicability and effectiveness of the model and algorithm are verified through a numerical case.
Introduction
Large-scale wind farms usually locate in areas with rich wind resources, low local load levels, and weak electrical networks. To maximize the utilization of wind power, full absorption of wind power policy is always applied to construct the long-distance transmission network for delivering large-scale wind power to load centers, requiring a huge amount of investment [1] , such as in China. Therefore, it is necessary to find a flexible and reasonable transmission planning method to deal with large-scale wind power integration.
Generally, transmission planning can be conducted through generation-transmission coordinated planning [2, 3] or performed separately [4, 5] . Some traditional transmission planning methods are based on system reliability and designed to meet demand and reliability requirements [6, 7] . But transmission planning methods for integrating wind power should be different, because wind power does not significantly improve system reliability [8] . In [5] , social welfare is considered for evaluating transmission expansion planning. To maximize the benefits of wind power, planning methods are usually based on ensuring the wind power output [9] . However, as wind power is characterized as having a low probability of reaching or approaching its nominal capacity, the transmission construction plan that is designed to cater for rated wind power capacity will lead to the low utilization rate of transmission lines. Especially for cases of large-scale wind power, it could easily lead to investment waste. Besides, since the expansion of network includes not only the construction of lines between wind farms and access points, but also the reinforcement of the existing network, the efficiency of the planning scheme will further reduce. In addition, spilling a reasonable amount of wind under certain circumstances is found to be more economical in system operation with a high level of wind power [10, 11] .
Since wind power is developing fast in recent years, facilitating the grid connection of large-scale renewable power has become an urgent task. This paper concentrates on flexible and economic transmission planning for integrating large-scale wind power based on wind power distribution characteristics. The remaining of this paper is organized as follows. Section II analyzes the wind power distribution characteristics of wind power output and its effect on transmission planning. In Section III, the paper proposes a novel transmission planning method for large-scale wind power by considering curtailing a proper amount of peak output of wind power to substantially save transmission investment. The solving procedures through Benders decomposition approach are also provided in Section III. Section IV gives a numerical example to verify the effectiveness of the proposed model and solution method, as well as the sensitivity of the model on parameters. The conclusions are reached in Section V.
Wind Power Distribution Characteristics of Wind Output
Wind power output mainly depends on wind speed and wind turbine generator (WTG) characteristics. The former is considered obeying Weibull distribution [12] , and the latter is a piecewise function of wind speed [13] as shown in (1). 
where w P and r P represent actual power output and rated power output, respectively. w V , ci V , r V , and co V are actual wind speed, cut-in wind speed, rated wind speed, and cut-out wind speed, respectively. 1 α , 2 α , and 3 α are coefficients.
In Fig. 1 , the dashed curve denotes a typical output characteristic of WTG as described in (1) , and the solid curve represents a typical probability distribution of wind speed.
As shown in Fig. 1 , this WTG output reaches the rated power only when wind speed is greater than 15m/s. However, according to the wind speed distribution curve, the probability that WTG's output reaches the rated power is very low. Furthermore, the situation that output reaches 70% of rated power also has a low probability of occurring.
To further show the wind power distribution characteristics, Fig. 2 gives the cumulative probability curve of a large-scale wind power base's output in northwest China.
The cumulative probability curve in Fig. 2 shows that there is a 95% probability that the output is lower than 65% of rated power, with only a 5% probability higher than that. Thus the high level output of the wind power base forms a peak in cumulative probability curve, which is represented by the shaded part in Fig. 2 .
In summary, both theories and data statistics [14, 15] prove that for a large wind farm and large-scale wind power bases, the wind power output usually stays in a relatively low level whereas the high level output rarely occurs, thus forming a significant peak in the cumulative probability curve. This characteristic derives from wind speed distribution and WTG characteristics and it is one of the most important distribution characteristics for wind power output.
Energy storage is potential approach to improve this unfavorable characteristic of wind power output. However, a huge amount of storage is needed for large-scale wind power, which is economically infeasible due to the high investment cost. Consequently, in order to ensure full utilization of wind resource, most current transmission plans for wind power cater to the nominal capacity of wind farms. However, as shown in Fig. 2 , if the transmission planning caters to the nominal wind power capacity, there would be a 95% probability that the utilization rate of the lines stays below 65%. In other words, 35% of transmission lines are invested specifically for the peak output of wind power, which has a small probability (5%) of occurring.
In fact, sacrificing the line utilization rate to ensure the full transmission of wind power is very uneconomical. If the peak output is curtailed appropriately in planning, the resulting plan will significantly save the investment in building new transmission lines and improve line utilization rates as well [16] , while the total cost of wind power loss is relatively small. Therefore, in the transmission planning for integrating large-scale wind power, saving the investment in new lines and minimizing the cost of wind power curtailment should be both considered, but the two parts are inherently contradictory. In order to find an economical and reasonable planning scheme, an optimum point should be reached to balance the two parts through curtailing a proper amount of wind power output. The expectation value model is used to handle the [17] . The expected value of wind power output reflects the output level and the probability simultaneously, and it can be easily transformed to energy quantity and wind power curtailment cost. Another advantage is that the random planning problem can be converted to a deterministic one by calculating the expected values of functions which have several irrelevant random variables. These merits make the model not only to be able to consider the volatility of wind power, but also to avoid significantly increasing the difficulty in solving.
In addition, in order to coordinate new investment and wind power curtailment, per unit cost (i.e. social welfare loss, displacement cost of regular generators etc.) of wind power curtailment -wind C is used in this paper to economically quantify the wind power output curtailment caused by an adjusted transmission plan.
Since discarding peak output saves transmission investment, the model aims to minimize the sum of transmission investment and cost of wind power curtailment [7] , while satisfying system operation constraints. The objective function of the planning model is as shown in (2), where the two items represent investment in new lines and the expected cost of wind power curtailment respectively.
( )
where ij c is the cost of a line added to right-of-way i j − , and ij n is the number of planned lines in right-of-way i j − . Ω is the set of all right-of-ways. wind C is the cost of per MWh curtailment of wind energy. In reality, a system needs frequent and complex operation mode adjustments to deal with changes in some influencing factors [18] , thus fairly affecting the amount of wind power curtailment. Therefore, it is necessary to consider the future operation uncertainties to enhance the adaptability of the planning scheme [19] .
The multi-scenario method [17, 20] is applied to introduce operation uncertainties into the planning model. This method is usually used to handle the uncertainty which is difficult to be expressed mathematically [21] . In this paper, the future operation modes are described as a set of operation scenarios with corresponding probabilities of occurring.
Considering operation uncertainties, the objective function with multi-scenario is represented as follows: 
Operation and Planning Constraints:
The operation and planning constraints of this multiscenario model include DC power flow constraints (4, 5) , transmission capacity constraints in lines and transformers (6) , generation output constraints (7, 8) , the maximum number of line constraint (9), and integer constraint (10) [6, 22] . 
Wind Output Curtailment Constraints:
As mentioned previously, full absorption of wind power will lead to a huge transmission investment. On the other hand, due to the high investment, high operation and maintenance cost, the low annual utilization hours of wind power, the equivalent generation cost per kWh electricity of wind power is higher than that of conventional generation. Therefore, insufficient transmission will substantially increase the amount of abandoned wind power caused by transmission congestion, thus undermining the development and investment motivation of renewable energy. In order to enhance the applicability of the model, it is necessary to add flexible constraints to the planning result from two aspects: the overall wind energy utilization rate of the system and the utilization rate of wind energy in each wind farm. From the perspective of overall wind energy utilization rate of the system, the whole amount of wind power output curtailment should be limited to an appropriate range. This constraint ensures the motivation for wind power investment and development. It can also guarantee that the final plan meets the commonly-used renewable energy development target "a certain percentage of total electricity comes from renewable energy". Therefore, the overall wind energy utilization rate constraint in the planning model is presented as follows, where γ is a
Constraint (11) represents that the sum of expected output curtailment of all wind farms should be less than a certain percentage of the total available wind energy, thus ensuring the overall utilization rate of wind energy.
Apart from the overall utilization rate, the wind energy utilization levels of some wind farms should also be considered in transmission planning. Therefore, another necessary constraint is presented as follows: where η is the vector of coefficients.
Constraint (12) represents that the upper limit of wind power output for each wind farm in the transmission planning result is higher than a proportion of its nominal capacity in scenario s. This constraint ensures that wind power smaller than a given capacity in each wind farm can be transmitted to load without congestion, thus guaranteeing the wind energy utilization level of each wind farm in the final planning result. Since η is a vector-form parameter, the minimum wind energy utilization level of each wind farm can be separately controlled through this constraint.
The constraints (11) and (12), as well as their parameters γ and η , provide an approach to control the wind energy utilization levels in transmission planning, thus improving the applicability and flexibility of the model. For example, 0 γ = implies that there is no wind energy loss due to transmission constraints, which corresponds to full absorption of wind power. Obviously, if γ is set to 1 and η is set to 0, the two constraints do not work. The model containing (3) to (12) is condensed to the basic model containing (3) to (10), without any special consideration on wind energy utilization rates. The objective function (3) and constraints (4)- (12) O s , the model possesses good flexibility and applicability.
The solution method based on probabilistic benders decomposition
Through Benders decomposition [21] , this transmission planning problem can be decomposed into a planning master problem and an operation sub-problem. The master problem is solved to generate a trial solution for the planning decision variable, while the operation subproblem is solved to generate Benders cuts, which are added to the master problem as constraints for the next iteration [23] .
The solving process of the transmission planning model is given in Fig. 3 . The details of the methodology are given below. 
Planning Master Problem:
The master problem is an integer programming problem to determine the investment in lines, which only includes the constraints related to the decision variables. The master problem is given by min z (13) subject to the constraints (9), (10), and (14) .
where z is a variable representing the master problem's objective. This integer programming problem can be solved through the branch and bound method. After solving the master problem, a trial solution of ij n and z in the master problem is obtained and denoted by ˆi j n and ẑ respectively.
Relaxed Operation Sub-problem:
The objective of the relaxed operation sub-problem is set as the minimization of curtailment under all the operation constraints except the wind energy loss constraints (11) and the minimum wind power output space constraint (12) . The objective function is as follows:
subject to constraints (5), (7), (8), (16) , and (17) .
The relaxed operation sub-problem is a non-linear constrained programming problem that can be solved through the interior-point method. After solving the relaxed operation sub-problem, the feasibility of its solution to the operation sub-problem is checked by the constraints (11) and (12) . If the solution is infeasible, according to the solution of the relaxed operation sub-problem, dual variables of constraint set (16) and (17), constraint (11) , and the theory of Benders decomposition [23] , the infeasible cut is generated as follows:
where v and ˆi j π represent the objective value in (15) and the infeasible-cut multiplier, respectively.
Operation Sub-problem:
If the solution of the relaxed operation sub-problem satisfies (11) and (12), the operation sub-problem is solved, which is shown as follows:
subject to constraints (5), (7), (8), (11) , (12) , (16) , and (17). This non-linear programming problem can also be solved through the interior-point method. After solving the operation sub-problem, a feasible planning scheme and its objective value are obtained. If the convergence criterion is not satisfied, a feasible cut is generated as (20) to be added to the mater problem as a constraint. After that, one iteration step is completed [23] .
where ŵ and ˆi j μ represent the objective value in (19) and the feasible-cut multiplier, respectively. Convergence Criterion: According to Benders decomposition [23, 24] , the lower bound of the objective value is the objective value (13) in the master problem.
If the operation sub-problem is feasible, the upper bound of the original planning problem's objective value is given by
The initial lower bound and upper bound are set as −∞ and +∞ , respectively. As the iteration goes on, the gap between the two bounds gradually decreases. When they are close enough, the optimum solution of the original problem is obtained. Therefore, the convergence criterion is formulated as follows:
where ε is the predefined convergence boundary.
Case Study

Case description
The proposed approach is applied to a modified IEEE RTS-24 system [23] , which has 10 generator buses, 17 load buses, 33 transmission lines, 5 transformers, and 33 generating units, without any wind power. Referring to the idea of [13] , modifications of the system are as follows. $/km, respectively. The value of wind C depends on many factors, such as the wind variable O&M cost, the cost of other generators providing displacement for curtail wind, actual system congestions, etc. For simplicity, wind C is set to a fixed value -30$/MWh [25] . The planning horizon is 15 years and k t s 15×8000h. η is set to 50%, which means that the final planning result should at least provide a grid-integration capacity which equals to half of the nominal capacity for each wind farm. The convergence error ε is 0.01. The initial value of γ is set to 0.01.
The modified 26-bus system includes 10 conventional generator buses, 2 wind power buses, 17 load buses, 38 transmission lines, and 21 right-of-ways. For simplicity in analysis, the maximum load of the planning horizon year (4275MW) is used as the load level in this case. The wind power output probability distribution is shown in Table 1 .
The single line diagram of the modified system is shown in Fig. 4 .
The multi-scenario model is used in the study case to consider the uncertainties of generators and lines availability. For simplicity in analyzing, three scenarios with corresponding occurrence probabilities are considered in this study case: Scenario 1 (S1) denotes the heavy load operation mode in dry seasons, when hydro generation is sometimes in a low level to balance the system and the thermal generation covers most of the system load. Scenario 2 (S2) is the heavy load operation mode in wet seasons, in which hydro generation is always in a high level and the thermal generation sometimes decreases to balance the system. In Scenario 3 (S3), important lines ( 11, 14 n , 16, 19 n ) are in maintenance and other conditions are the same as S1.
Planning results
The probability of scenario S1, S2 and S3 are set to 0.5, 0.4, and 0.1, respectively. The multi-scenario model with peak output curtailment and the solving methodology based on Benders decomposition described in Section III The program based on the proposed model and algorithm is performed on a desktop PC with 2.8 GHz Core2 E7300 CPU and 4 GB RAM. The total computation time is about 3.5 minutes. The planning result and the wind power curtailment information are shown in Table 2 . The investments in lines, objective function values and costs of wind power curtailment during Benders iterations are given in Fig. 5 . Fig. 5 shows that in the early stage of the iterations, when investment increases, the cost of wind power curtailment decreases significantly, but the decrease slows down in the late stage of the iterations. This phenomenon is due to that in the late stage, the capacity of newly invested lines is mostly utilized by the peak output of wind power, which has a small probability of occurring. This phenomenon also indicates that curtailing a proper amount of peak output is reasonable and economic.
Performance analysis of different planning models
In order to investigate the characteristics of the proposed model through comparison, three symbols are used in the following analysis to denote the three planning models mentioned above, respectively: M T -the traditional model without wind curtailment; M C -the basic model with peak output curtailment; M MS-C -the multi-scenario model with peak output curtailment.
Combining the models (M T , M C , M MS-C ) and the scenarios (S1, S2, S3), five planning results are obtained and denoted by R1-R5, as shown in Table 3 and Table 4 .
Comparison of model M T and M C -Wind curtailment:
The planning results R1-R4 are analyzed to investigate the effects of wind curtailment on the model performance. Table 5 gives the wind power curtailment information of planning results R1-R4. It shows that in scenario S1 and S2, the maximum wind power integration ability of the planning results given by MC (R3 and R4) are 36.3% and 33.3% respectively less than the nominal capacity. However, due to wind power output distribution characteristic, the expected curtailed output only accounts for 1.7% and 1.2% of the expected output over the planning horizon in S1 and S2, respectively. In other words, wind power curtailment reduces only a small proportion of the social welfare of total available wind energy.
In addition, it can be noticed from Table 4 that the investments of the plans given by M C (R3 and R4) are 56.2% and 66.3% respectively less than those given by M T (R1 and R2), due to that the curtailment of a proper amount of wind power reduce the required transmission capacity and saves investments in lines.
In summary, It can be noted that through considering the wind power output distribution characteristic to limit its output near to the rated capacity, transmission investment is substantially reduced, while wind energy loss is relatively small. It shows that an appropriate output curtailment can obviously improve the economy of transmission expansion plans with an acceptable wind energy loss.
Comparison of model M C and M MS-C -Multiscenario:
For simplicity, the planning result R3 (given by M C ) and R5 (given by M MS-C ) in Table 4 are used to analyze the effects of multi-scenario on planning model performance. Table 6 shows the wind curtailment information of R3 and R5 in scenario S1 and S2.
It can be noted from Table 6 that in scenario S2, the allowed maximum wind power output of planning result R3 (given by M C ) is only 41.2% (less than the minimum 50% determined by η ) of the nominal capacity. The expected curtailment reaches 23.4% (much more than the minimum 2% determined by γ ) of all available wind energy.
Therefore, it can be seen that although the planning scheme given by M C (R3) has a smaller investment, its amount of wind curtailment does not satisfy the curtailment constraints (10) and (11) in scenario S2. However, the planning scheme given by M MS-C (R5) can meet the curtailment constraints under S1 and S2, while still possessing considerable economic merits. In summary, compared with M C , the planning model M MS-C , which incorporates multi-scenarios, has better adaptability and can avoid additional investment in the future. 
Sensitivity of the planning result to parameters in model M MS-C
In the analysis above, wind C is estimated to be 30$/MWh. It is necessary to take the variable characteristic of wind C into account. Here, the value of wind C is changed in order to analyze the sensitivity of the planning result to wind C . The planning results given by M MS-C are shown in Table 7 .
As shown in Table 7 , when wind C changes within the range of 30$/MWh to 90$/MWh, the planning scheme and the total investment are the same, while the cost of wind power curtailment varies slightly. This feature implies that the proposed method is not very sensitive to wind C . Therefore, the planning model is still effective and applicable when the value of wind C is not very precise or varies within a range over time.
In order to test the sensitivity to γ , γ is set to 0.0250, 0.0200, 0.0150, 0.0125, 0.0050, 0.0025, and 0.0000 in M MS-C , Obtained planning schemes are shown in Table 8 .
As shown in Table 8 , the investment in lines increases as γ decreases, but the relationship is not continuous since the numbers of lines are integers. Only when γ decreases by a certain amount, is a new line added to the planning scheme, thus increasing the investment stepwise accordingly. $, which is a very low return for transmission investments increase. Even if assuming that the cost of wind power curtailment per MWh is 4 times larger than the original value, the return on investment increase is still low. Therefore, in order to obtain the optimal planning result, the appropriate range for γ is [0.005, 0.0125]. This means allowing about 1 percent of total wind energy to be curtailed in transmission planning.
Since the proposed model can significantly increase social welfare through sacrificing a small fraction of wind energy, the optimal planning result may lead to a slight reduction on the electricity generated by wind farms, which is related to the revenues of wind farms. The potential revenue loss of wind farms can be compensated through a compensation system, whose specific implementation methods can be formulated according to actual situations. 
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Conclusion
Through analyzing the wind power output distribution characteristics of wind power output and its effects on transmission planning, it is demonstrated that in order to generate a more economic expansion planning for integrating large-scale wind power, utilization of wind energy and investment in lines should be all taken into consideration. Both full absorption of wind power policy and the wind output being curtailed inappropriately with inadequate transmission would lead to uneconomic expansion planning. Incorporating the cost of wind power curtailment into the planning model can make the expansion planning more economical. Furthermore, the introduction of multiscenarios makes the model more flexible and adaptable to future operation uncertainties. The results show that the solving methodology based on Benders decomposition can solve the problem effectively. In summary, this new planning model and its solving method provide an economic way of transmission expansion planning for large-scale wind power integration.
